1. Introduction {#sec1}
===============

HSOS is a serious and life-threatening liver disease that usually arises within the first 30 days after hematopoietic stem-cell transplantation (HSCT), and its main clinical symptoms include painful hepatomegaly, jaundice, liver ascites and weight gain \[[@bib1], [@bib2], [@bib3]\]. The severe HSOS is typically associated with multi-organ failure (MOF) and its mortality rate is higher than 80% \[[@bib4],[@bib5]\]. Even for moderate HSOS, the mortality rate is still estimated at approximately 20% \[[@bib6]\]. The intake of herbal medicines or teas containing hepatotoxic pyrrolizidine alkaloids (HPAs) is another main cause for the development of HSOS. Since the first reported hepatotoxicity due to senecio poisoning, there are over thousands of clinical cases about HPAs-induced HSOS in the world, among which in China about hundreds of cases were caused by *gynura segetum* (Tusanqi) that contains abundant HPAs \[[@bib7], [@bib8], [@bib9]\]. So HSOS due to HPAs intake shall arouse our attention. MCT, a retronecine-type HPA, is abundant in Crotalaria genus \[[@bib10]\]. HSOS induced by MCT in rats has already been a classic animal model for experimental HSOS study \[[@bib11],[@bib12]\].

The treatment for established HSOS is still very limited in clinic. Recently, the use of defibrotide is proposed for HSOS treatment due to its varying pharmacological activities including restoring thrombo-fibrinolytic balance, anti-inflammatory, anti-ischemic and anti-atherosclerotic activity, and its protection on endothelial cells \[[@bib13], [@bib14], [@bib15]\]. However, the safety and efficacy of defibrotide still needs deep evaluation. Also, defibrotide is not a licensed drug in many countries, and its high acquisition cost has caused obstacles for its use in clinic.

Catechins, a type of natural polyphenols, are widely distributed in teas, coffee bean and various fruits including grape and apple \[[@bib16]\]. Catechins have various pharmacological functions including anti-inflammatory, antioxidant and antithrombotic activities, and the reversal of endothelial dysfunction \[[@bib17]\]. Catechins have four diastereoisomers, of which epicatechin is in cis-configuration. Of the two epicatechin isomers, (-)-epicatechin (EPI) is the most common isomer. EPI has well-known antioxidant and anti-inflammatory capacity, and it is useful for various diseases such as cancer, cardiovascular disease, diabetes, stroke and neurodegenerative diseases \[[@bib18]\]. This study aims to observe the protection of EPI against MCT-induced HSOS and its engaged mechanism.

2. Materials and methods {#sec2}
========================

2.1. Antibodies and reagents {#sec2.1}
----------------------------

MCT and EPI were both purchased from Sigma Chemical Co. (St. Louis, MO). Kits for detecting malondialdehyde (MDA) and reduced glutathione (GSH) amount, MPO and glutathione-S-transferase (GST) activities, and for isolating mitochondrial proteins were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Antibodies for MMP-9, NFκB, IκB, p-IκB, Lamin B1, COXIV and β-actin were purchased from Cell Signaling Technology (Danvers, MA). Antibodies for Nrf2, catalytic/modify subunit of glutamate-cysteine ligase (GCLC/GCLM), heme oxygenase-1 (HO-1), NAD(P)H: quinone oxidoreductase 1 (NQO1) were obtained from Santa Cruz (Santa Cruz, CA). Antibodies for HSP60 and Lon were purchased from GeneTax Inc. (Alton Parkway Irvine, CA). Antibody for TLR4 was purchased from Biobasic Inc (Shanghai, China). Peroxidase-conjugated goat anti-Rabbit IgG (H + L) and anti-Mouse IgG (H + L) were purchased from Jackson ImmunoResearch (West Grove, PA). Enhanced chemiluminescence kits were obtained from Millipore (Darmstadt, Germany). HSP60 blocking antibody and control IgG were obtained from Abcam (Cambridge, MA). NE-PER nuclear and cytoplasmic extraction reagents, and BCA protein assay kits were purchased from ThermoFisher Scientific (Waltham, MA). 2′-7′-dichlorodihydrofluorescein diacetate (H~2~DCFDA), Immunoprecipitation kits and Trizol were all bought from Life Technology (Carlsbad, CA). PrimeScript Master Mix and SYBR Premix Ex Taq were bought from Takara (Shiga, Japan). DAKO EnVision detection system was purchased from DAKO Corporation (Carpinteria, CA). Other reagents unless indicated were purchased from Sigma Chemical Co. (St. Louis, MO).

2.2. Experimental animals {#sec2.2}
-------------------------

Specific pathogen free male Sprague-Dawley rats (200--240 g) and C57BL/6 male mice (16--20 g) were bought from Shanghai Laboratory Animal Center of Chinese Academy of Science (Shanghai, China). Nrf2 knock-out (*Nrf2*^−/−^) C57BL/6 mice were generated by SiDanSai Biotechnology Inc (Shanghai, China) by using transcription activator-like effector nucleases (TALEN) technology \[[@bib19]\]. A pair of TALEN constructs for Nrf2 knock-out were cloned into a mammalian expression vector pCMV-TALEN and capped, polyA-tailed mRNA for injection were produced using the Ambion mMessage mMachine kits. The C57BL/6 knock-out mice were produced by micro-injecting TALEN mRNAs into fertilized eggs. The knock-out allele has been sequence validated to have two missing base pairs (GA, 346--347 of the ORF), causing a frame shift and an early stop. DNA isolated from tail biopsies was used for genotyping.

Experimental animals were fed with a standard laboratory diet and given free access to tap water. Animals were housed in a specific pathogen-free facility with controlled room temperature (22 ± 1 °C), humidity (65 ± 5%) with 12:12 h light/dark cycle. All animals have received humane care in compliance with the institutional animal care guidelines approved by the Experimental Animal Ethical Committee of Shanghai University of Traditional Chinese Medicine (Approval Number: 201510003, 201612010).

2.3. Animal treatment {#sec2.3}
---------------------

Rats were divided into five groups as following: (1) Vehicle control (n = 9), (2) MCT (n = 11), (3) MCT + EPI (20 mg/kg) (n = 10), (4) MCT + EPI (40 mg/kg) (n = 10), (5) EPI (40 mg/kg) (n = 6). Rats were orally administered with MCT (90 mg/kg, intragastrical administration, i.g.) or vehicle for once, and then were given with EPI (20 or 40 mg/kg, i.g.) twice at 5 h and 29 h after MCT administration. Rats were sacrificed at 48 h after MCT administration, and blood and livers were collected.

*Nrf2*^+/+^ and *Nrf2*^−/−^ C57BL/6 male mice were randomly divided into three groups, respectively. (1) Vehicle control (n = 20), (2) MCT (n = 22), (3) MCT + EPI (n = 22). Mice were orally administered with MCT (360 mg/kg, i.g.) or vehicle for once, and then were given with EPI (40 mg/kg, i.g.) twice at 5 h and 29 h after MCT administration. Mice were sacrificed at 24 h or 48 h after MCT administration, and blood and livers were collected.

C57BL/6 mice were randomly divided into four groups: (1) vehicle control (n = 5), (2) 360 mg/kg MCT (n = 5), (3) 360 mg/kg MCT + anti-HSP60 antibody (n = 5), (4) 360 mg/kg MCT + control IgG (n = 5). Anti-HSP60 blocking antibody or control IgG were tail intravenously injected into mice (10 μg, 10 min prior to MCT administration) respectively. At 48 h after MCT administration, mice were sacrificed, blood and livers were collected.

2.4. Serum biochemistry analysis {#sec2.4}
--------------------------------

Fresh blood was obtained and kept at room temperature for 1 h. Serum was collected after centrifugation at 850×*g* for 15 min. Serum ALT/AST activity, total TBil and TBA amounts were determined with an automatic biochemical analyzer (HITACHI 7080, Japan).

2.5. Blood cell analysis {#sec2.5}
------------------------

Fresh blood was collected from rats of each group by using anticoagulant solution. Blood cells were analyzed by using BAYER ADVIA-120 (German).

2.6. Liver histological observation {#sec2.6}
-----------------------------------

A piece of the liver was fixed and embedded in paraffin, and subsequently sectioned (5 μM) and stained with hematoxylin-eosin (H&E), and then observed under a microscope (Olympus, Japan).

2.7. Scanning electron microscope evaluation {#sec2.7}
--------------------------------------------

Three rats or mice in each group were firstly perfused with phosphate buffered saline through the hepatic portal vein, and then perfused with a fixative solution containing 2.5% glutaraldehyde. Livers were further cut into small pieces (approximately 5 mm^3^), and each sample was ion-sputter-coated and observed under a scanning electron microscopy (Hitachi S-4700).

2.8. Measurement of liver lipid peroxidation (LPO) and GSH amounts {#sec2.8}
------------------------------------------------------------------

MDA, formed as the product of LPO, was served as an index for reflecting LPO. MDA and GSH amounts were determined by using commercial kits and expressed as nmol/mg protein.

2.9. Measurement of liver GST activity {#sec2.9}
--------------------------------------

Liver GST activity was determined by using commercial kits and expressed as U/mg protein.

2.10. Real-time PCR analysis {#sec2.10}
----------------------------

Total RNA was extracted from livers by using TRIZOL reagent. cDNA was synthesized and Real-time PCR was performed. Relative expression of target genes was standardized to Actin, evaluated by 2^−ΔΔCt^ method and given as ratio of control. The primer sequences are shown in [Table 1](#tbl1){ref-type="table"}.Table 1List of Primers for Real-time PCR.Table 1TargetGene IDPrimerSequenceratHmox124451FP5\'-TCCCGAACATCGACAGCCCCA-3\'RP5\'-AGGGGCAGTATCTTGCACCAGG-3\'Nqo124314FP5\'-CAAGTTTGGCCTCTCTGTGG-3\'RP5\'-AAGCTGCGTCTAACTATATGT-3\'Actb81822FP5\'-TTCGTTGCCGGTCCACACCC-3\'RP5\'-GCTTTGCACATGCCGGAGCC-3\'Nfe2l283619FP5\'-TCCTCTGCTGCCATTAGTCA-3\'RP5\'-GTGCCTTCAGTGTGCTTCTG-3\'Gclc25283FP5\'-TGAGGATGAGGAGGCATCAA-3\'RP5\'-ACTGCAGGCTTGGAATGTCA-3\'Gclm29739FP5\'-TTGCTATAGGCACCTCGGATCT-3\'RP5\'-ATCTGGTGGCATCACACAGC-3\'Hspd163868FP5\'-CACCACCACTGCCACTGTTC-3\'RP5\'-CCACAGCCAACATCACACCT-3\'Lonp1170916FP5\'-GGAGCGCATGTACGAAGTCA-3\'RP5\'-TGTCCTCCTTGCTGCCACTA-3\'mouseTnfa21926FP5'-CACCCCGAAGTTCAGTAGACA-3'RP5'-TCCCTCCAGAAAAGACACCAT-3'Il-616193FP5'-GTCACCAGCATCAGTCCCAAG-3'RP5'-CCCACCAAGAACGATAGTCAA-3'Il1b16176FP5'-TGTGTTTTCCTCCTTGCCTCTGAT-3'RP5'-TGCTGCCTAATGTCCCCTTGAAT-3'Actb11461FP5\'-TTCGTTGCCGGTCCACACCC-3\'RP5\'-GCTTTGCACATGCCGGAGCC-3\'[^2]

2.11. Western-blot analysis {#sec2.11}
---------------------------

Cytosolic and nuclear proteins in livers were isolated as described in kits. The protein concentration of each sample was detected and normalized to the equal protein concentration. For detecting the amount of HSP60 in serum, collected serum were directly mixed with protein loading buffer. Protein samples were separated by SDS-PAGE and blots were probed with appropriate combination of primary and horseradish peroxidase-conjugated secondary antibodies. Proteins were visualized by using enhanced chemiluminescence kits. The gray densities of the protein bands were normalized by using β-actin, Lamin B1 or COXIV as internal controls, and the results were expressed as fold of control. Ponceau red-stained proteins in the whole membrane were used as the loading control for detecting HSP60 in serum.

2.12. Measurement of hepatic reactive oxygen species (ROS) {#sec2.12}
----------------------------------------------------------

Hepatic ROS level was measured as described in our previous published paper \[[@bib20]\]. The results were calculated as units of fluorescence per microgram of protein and presented as the percentage of control.

2.13. Molecular docking analysis {#sec2.13}
--------------------------------

Molecular docking analysis was performed as described in our previous study \[[@bib21]\]. The confirmation of EPI is generated using Conformational Search (MMFF94X force field) in MOE2013.

2.14. Measurement of liver MPO activity {#sec2.14}
---------------------------------------

Liver MPO activity was determined according to the manufacturer\'s instruction and expressed as units/g protein.

2.15. Immunohistochemical staining {#sec2.15}
----------------------------------

Paraffin-embedded liver sections were deparaffinized in xylene and rehydrated in a gradient of ethanol to distilled water, and then quenched with 3% hydrogen peroxide and incubated with 5% bovine serum albumin, and then incubated with CD11b or Gr-1 antibodies at 4 °C overnight and further detected by using DAKO EnVision detection kits. Sections were counterstained with hematoxylin. The images were taken using an inverted microscope under the magnification of 200×. CD11b or Gr-1 positive cells were counted manually in three random fields in per sample (each group contains three samples).

2.16. Immunoprecipitation assay {#sec2.16}
-------------------------------

Mitochondrial proteins in rats were extracted by using kits and protein concentration was detected, and then equal amounts of protein were subjected to immunoprecipitation with anti-HSP60 antibody as described in the kits. The immunoprecipitation was separated via SDS-PAGE and the conjugates were detected with anti-Lon and anti-HSP60 antibodies.

2.17. Statistical analysis {#sec2.17}
--------------------------

Data were expressed as means ± SEM. Groups were compared by one-way ANOVA, followed by *post hoc* LSD test when ANOVA found a significant value of F and no variance in homogeneity, otherwise, Mann-Whitney U nonparametric ANOVA was performed for analysis among groups. *P* \< 0.05 was taken to indicate significant differences between group means.

3. Results {#sec3}
==========

3.1. EPI attenuated MCT-induced HSOS in rats {#sec3.1}
--------------------------------------------

As shown in [Fig. 1](#fig1){ref-type="fig"}A--D, EPI (40 mg/kg) decreased the elevated serum ALT and AST activities, and the increased TBil and TBA amounts induced by MCT (90 mg/kg) in rats. EPI (20 mg/kg) also reduced the increased serum TBil amount induced by MCT in rats ([Fig. 1](#fig1){ref-type="fig"}D). Liver histological observation showed that MCT induced severe liver damages, including intrahepatic hemorrhage, hepatic infiltration of immune cells, necrosis of hepatocytes, the dilatation of hepatic sinusoids, the detachment of hepatic sinusoidal endothelial cells (HSECs) and the destruction of liver structure ([Fig. 1](#fig1){ref-type="fig"}E--b). EPI (40 mg/kg) reversed all those phenomena ([Fig. 1](#fig1){ref-type="fig"}E--d), but the amelioration of EPI (20 mg/kg) was weak ([Fig. 1](#fig1){ref-type="fig"}E--c). There is no liver damage occurred in control and EPI (40 mg/kg)-treated rats ([Fig. 1](#fig1){ref-type="fig"}E-a,e).Fig. 1**EPI attenuated MCT-induced HSOS in rats.** (A) Serum ALT activity (n = 5--8). (B) Serum AST activity (n = 5--8). (C) Serum TBA amount (n = 5--8). (D) Serum TBil amount (n = 5--8). (E) Histological observation of liver injury. (original magnification ×100, upper; partial enlarged pictures, down. The arrows indicate intrahepatic hemorrhage, indicate necrosis of hepatocytes, indicate hepatic infiltration of immune cells). a. Control, b. MCT, c. MCT + EPI (20 mg/kg), d. MCT + EPI (40 mg/kg), e. EPI (40 mg/kg). (F) Scanning electron microscopy observation. (Red arrows indicate the enlargement of fenestrate, exposure of the Disse space and the damage of endothelium). a. Control, b. MCT, c. MCT + EPI (20 mg/kg), d. MCT + EPI (40 mg/kg). (G) Hepatic MMP-9 expression was detected. Below figure is the quantitative densitometric analysis of MMP-9 protein (n = 5). Data are expressed as mean ± SEM. \**P* \< *0.05* versus control; ^\#^*P \< 0.05* versus MCT.Fig. 1

Scanning electron microscopy was used to further evaluate the potential damage on HSECs. As shown in [Fig. 1](#fig1){ref-type="fig"}F-b, MCT induced the dilatation of sinusoids, the enlargement of fenestrate, the exposure of Disse space and the damage on endothelium in rats. However, all those phenomena were ameliorated in rats treated with EPI (20, 40 mg/kg) ([Fig. 1](#fig1){ref-type="fig"}F-c,d). Also, there is no those above changes occurred in normal control rats ([Fig. 1](#fig1){ref-type="fig"}F--a). Further results showed that EPI (40 mg/kg) reduced the elevated expression of hepatic MMP-9 induced by MCT in rats ([Fig. 1](#fig1){ref-type="fig"}G).

MCT increased the number of rats with liver ascites ([Table 2](#tbl2){ref-type="table"}). EPI (40 mg/kg) reduced this increase, but EPI (20 mg/kg) had no inhibition ([Table 2](#tbl2){ref-type="table"}). Data in [Table 3](#tbl3){ref-type="table"} showed that EPI (40 mg/kg) reversed the decreased number of platelets, reticulocytes, white blood and red cells induced by MCT in rats.Table 2The number of rats with liver ascites.Table 2GroupNumber of rats with ascitesNumber of each groupPercentage of rats with ascites (%)Vehicle control090MCT (90 mg/kg)61154.5MCT + EPI (20 mg/kg)81080MCT + EPI (40 mg/kg)0100EPI (40 mg/kg)060Table 3Changes in blood cell counts.Table 3GroupPLT (× 10^9^/L)RET (× 10^9^/L)WBC (× 10^9^/L)RBC (× 10^12^/L)Vehicle1234.3 ± 69.2773.2 ± 41.96.5 ± 0.76.7 ± 0.1MCT57.4 ± 4.8^∗∗∗^274.6 ± 16.3^∗∗∗^1.6 ± 0.3^∗∗∗^4.9 ± 0.2^∗∗∗^MCT + EPI (20 mg/kg)162.7 ± 89.4366.4 ± 47.8^\#\#^3.7 ± 1.15.3 ± 0.2MCT + EPI (40 mg/kg)1011.0 ± 140.5^\#\#\#^510.3 ± 46.2^\#\#^4.9 ± 0.6^\#\#\#^6.9 ± 0.2^\#\#\#^EPI (40 mg/kg)1379.3 ± 78.4691.7 ± 49.25.4 ± 0.87.3 ± 0.3[^3][^4]

3.2. EPI reversed the MCT-induced liver oxidative injury in rats {#sec3.2}
----------------------------------------------------------------

Data in [Fig. 2](#fig2){ref-type="fig"}A and B showed that MCT (90 mg/kg) elevated liver MDA amount and ROS level in rats, but EPI (40 mg/kg) reduced this increase. EPI (40 mg/kg) alone had no obvious effects on liver MDA amount and ROS level in rats. MCT weakly increased hepatic GSH content and EPI (40 mg/kg) further enhanced this increase in rats ([Fig. 2](#fig2){ref-type="fig"}C). Additionally, EPI (40 mg/kg) alone obviously enhanced liver GSH content in rats. MCT reduced liver GST activity in rats, but EPI (40 mg/kg) reversed this decrease ([Fig. 2](#fig2){ref-type="fig"}D). EPI (40 mg/kg) alone had no obvious effect on liver GST activity in rats.Fig. 2**EPI attenuated MCT-induced liver oxidative stress injury in rats.** (A) MDA amount (n = 6). (B) ROS level (n = 6). (C) GSH amount (n = 6). (D) GST activity (n = 6). Data are expressed as mean ± SEM. ^*\**^*P* \< 0.05 versus control; ^\#^*P \< *0.05 versus MCT.Fig. 2

3.3. EPI induced the activation of Nrf2 antioxidant signaling pathway in rats {#sec3.3}
-----------------------------------------------------------------------------

As shown in [Fig. 3](#fig3){ref-type="fig"}A, EPI (40 mg/kg) reversed the decreased hepatic Nrf2 mRNA expression induced by MCT (90 mg/kg) in rats. MCT reduced hepatic expression of Nrf2 protein in both cytosol and nucleus, but EPI (40 mg/kg) reversed this decrease ([Fig. 3](#fig3){ref-type="fig"}B and C). EPI (40 mg/kg) reversed the MCT-induced decrease in hepatic mRNA expression of GCLC, GCLM and NQO1 in rats ([Fig. 3](#fig3){ref-type="fig"}D). MCT increased HO-1 mRNA expression, but EPI (40 mg/kg) reduced this increase ([Fig. 3](#fig3){ref-type="fig"}E). Western-blot results showed that EPI (20, 40 mg/kg) increased GCLC protein expression in rats treated with MCT ([Fig. 3](#fig3){ref-type="fig"}F and G). EPI (40 mg/kg) reversed the reduced hepatic expression of GCLM and NQO1 induced by MCT in rats. EPI (20 mg/kg) also reversed the reduced NQO1 expression induced by MCT ([Fig. 3](#fig3){ref-type="fig"}F and G). As same as the results from mRNA expression, EPI (40 mg/kg) reduced the MCT-induced increase in HO-1 expression in rats ([Fig. 3](#fig3){ref-type="fig"}F and G).Fig. 3**EPI induced the activation of hepatic Nrf2 antioxidant signaling pathway in rats.** (A) Nrf2 mRNA expression (n = 6). (B) Hepatic expression of cytosolic and nuclear Nrf2. (C) The quantitative densitometric analysis of Nrf2 protein (n = 5). (D) Hepatic mRNA expression of GCLC, GCLM and NQO1 (n = 6). (E) Hepatic HO-1 mRNA expression (n = 6). (F) Hepatic GCLC, GCLM, NQO1 and HO-1 protein expression. (G) The quantitative densitometric analysis of GCLC, GCLM, NQO1 and HO-1 (n = 5). Data are expressed as mean ± SEM. \**P* \< 0.05 versus control; ^\#^*P \< *0.05 versus MCT.Fig. 3

3.4. Results of molecular docking analysis {#sec3.4}
------------------------------------------

The molecular docking analysis was conducted to detect the potential binding of EPI (chemical structure was shown in [Fig. 4](#fig4){ref-type="fig"}A) to the kelch domain of kelch-like ECH-associated protein-1 (Keap1). The docking mode of EPI in the Nrf2 binding site of Keap1 protein was illustrated in [Fig. 4](#fig4){ref-type="fig"}B (Front view) and [Fig. 4](#fig4){ref-type="fig"}C (Top View). The three-dimension ([Fig. 4](#fig4){ref-type="fig"}D) and two-dimension ([Fig. 4](#fig4){ref-type="fig"}E) interaction-map showed that EPI had an H-Bond interaction between the Ser508 bridging by one water molecule, and other one H-Bond interaction with Asn382. All those interactions help EPI anchored in the Nrf2 binding site of Keap1 protein.Fig. 4**Results of molecular docking analysis.** (A) The chemical structure of EPI. (B) Front view of the docking mode of EPI (Blue) in the Nrf2 binding site of Keap1 protein (show in ribbon representation and colored by structure). (C) Top view of the docking mode of EPI (Blue) in the Nrf2 binding site of Keap1 (show in ribbon representation and colored by structure). (D) Representative amino acid residues surrounding EPI (Blue) in the Nrf2 binding pocket of Keap1. (E) Two-dimensional interaction map of EPI and the human Keap1. The arrows indicate potential interactions between amino acid residues and EPI.Fig. 4

3.5. Nrf2 was critical for regulating the EPI-provided protection against MCT-induced HSOS at the early stage {#sec3.5}
-------------------------------------------------------------------------------------------------------------

As shown in [Fig. 5](#fig5){ref-type="fig"}A--D, when mice were treated with MCT (360 mg/kg) for 24 h, there was no obvious elevation in serum ALT/AST activities, and TBil and TBA amounts in wild-type mice treated with MCT or MCT plus EPI. However, when Nrf2 knock-out mice were treated with MCT for 24 h, serum ALT/AST activities, and TBil and TBA amounts were all significantly increased ([Fig. 5](#fig5){ref-type="fig"}A--D). EPI (40 mg/kg) had no reduction on MCT-induced this increase in Nrf2 knock-out mice ([Fig. 5](#fig5){ref-type="fig"}A--D). When Nrf2 knock-out mice were treated with MCT for 24 h, MCT enhanced haptic ROS formation, but EPI had no inhibition on this increase ([Fig. 5](#fig5){ref-type="fig"}E). Moreover, serum ALT/AST activities, serum TBil and TBA amounts, and hepatic ROS level were all significantly higher in Nrf2 knock-out mice than in wild-type mice treated with MCT. Data in [Fig. 5](#fig5){ref-type="fig"}F confirmed the deletion of Nrf2 protein in Nrf2 knock-out mice.Fig. 5**Nrf2 was critical for regulating the EPI-provided protection against MCT-induced HSOS at the early stage.** Wild-type or Nrf2 knock-out mice were given with MCT (360 mg/kg) and EPI (40 mg/kg), and sacrificed at 24 h after MCT administration. (A) Serum ALT activity (n = 6). (B) Serum AST activity (n = 6). (C) Serum TBA amount (n = 6). (D) Serum TBil amount (n = 6). (E) Hepatic ROS level (n = 6). (F) Hepatic Nrf2 expression. Below figure is the quantitative densitometric analysis of Nrf2 protein (n = 5). (G) Histological observation of liver injury. (original magnification ×100, upper; partial enlarged pictures, down. The arrows indicate intrahepatic hemorrhage, indicate necrosis of hepatocytes, indicate hepatic infiltration of immune cells). (H) Scanning electron microscopy observation. (Red arrows indicate the enlargement of fenestrate, exposure of the Disse space and the damage of endothelium). Data are expressed as mean ± SEM. ^*\**^*P* \< 0.05 versus control; ^&^*P \< *0.05 versus wild-type mice.Fig. 5

Liver histological observation showed that when Nrf2 knock-out mice were treated with MCT for 24 h, MCT induced obvious liver damages including hepatic infiltration of immune cells, intrahepatic hemorrhage, necrosis of hepatocytes, the dilatation of hepatic sinusoids and the detachment of HSECs ([Fig. 5](#fig5){ref-type="fig"}G). EPI had no amelioration on these pathological lesions induced by MCT in Nrf2 knock-out mice. Weak liver damages occurred in wild-type mice treated with MCT for 24 h, including intrahepatic hemorrhage, hepatic infiltration of immune cells and necrosis of hepatocytes. Meanwhile, EPI ameliorated all these pathological lesions induced by MCT in wild-type mice.

Scanning electron microscopy observation showed that when Nrf2 knock-out mice were treated with MCT for 24 h, MCT induced the enlargement of fenestrate, the exposure of Disse space and the damage on endothelium ([Fig. 5](#fig5){ref-type="fig"}H). EPI had no amelioration on these pathological lesions induced by MCT in Nrf2 knock-out mice. When wild-type mice were treated with MCT for 24 h, MCT induced the enlargement of fenestrate and the exposure of Disse space, and all these pathological lesions were diminished in EPI-treated mice ([Fig. 5](#fig5){ref-type="fig"}H).

3.6. Nrf2 was not critically involved in regulating the EPI-provided protection against MCT-induced HSOS at the later stage {#sec3.6}
---------------------------------------------------------------------------------------------------------------------------

When wild-type and Nrf2 knock-out mice were treated with MCT (360 mg/kg) for 48 h, MCT induced obvious liver injury that is evidenced by the increased serum ALT/AST activities and TBil and TBA amounts, but EPI (40 mg/kg) reduced this increase in both wild-type and knock-out mice ([Fig. 6](#fig6){ref-type="fig"}A--D). When wild-type and Nrf2 knock-out mice were treated with MCT for 48 h, MCT elevated liver MDA amount, but EPI reduced this elevation in both wild-type and Nrf2 knock-out mice ([Fig. 6](#fig6){ref-type="fig"}E). Moreover, the EPI-provided protection is almost the same in wild-type and Nrf2 knock-out mice ([Fig. 6](#fig6){ref-type="fig"}A--E).Fig. 6**Nrf2 was not critically involved in regulating the EPI-provided protection against MCT-induced HSOS at the later stage.** Wild-type or Nrf2 knock-out mice were given with MCT (360 mg/kg) and EPI (40 mg/kg), and sacrificed at 48 h after MCT administration. (A) Serum ALT activity (n = 6). (B) Serum AST activity (n = 6). (C) Serum TBA amount (n = 6). (D) Serum TBil amount (n = 6). (E) Liver MDA amount (n = 6). (F) Histological observation of liver injury. (original magnification ×100, upper; partial enlarged pictures, down. The arrows indicate intrahepatic hemorrhage, indicate necrosis of hepatocytes, indicate hepatic infiltration of immune cells). (G) Scanning electron microscopy observation. (Red arrows indicate the enlargement of fenestrate, exposure of the Disse space and the damage of endothelium). Data are expressed as mean ± SEM. ^*\**^*P* \< 0.05 versus control; ^\#^*P \< *0.05 versus MCT; ^*&*^*P* \< 0.05 versus wild-type mice.Fig. 6

Liver histological evaluation showed that MCT induced obvious liver damages including intrahepatic hemorrhage, hepatic inﬁltration of immune cells, necrosis of hepatocytes, the dilatation of hepatic sinusoids and the detachment of HSECs in both wild-type and Nrf2 knock-out mice when mice were treated with MCT for 48 h ([Fig. 6](#fig6){ref-type="fig"}F). EPI ameliorated all those pathological lesions in both wild-type and Nrf2 knock-out mice when mice were treated with MCT for 48 h.

Scanning electron microscopy observation showed that when wild-type or Nrf2 knock-out mice were treated with MCT for 48 h, MCT induced the enlargement of fenestrate, the exposure of Disse space and the damage on endothelium ([Fig. 6](#fig6){ref-type="fig"}G). EPI ameliorated all these pathological lesions induced by MCT in both wild-type and Nrf2 knock-out mice.

3.7. EPI attenuated liver inflammatory injury induced by MCT in Nrf2 knock-out mice {#sec3.7}
-----------------------------------------------------------------------------------

When wild-type and Nrf2 knock-out mice were treated with MCT (360 mg/kg) for 48 h, MCT enhanced liver MPO activity in both wild-type and Nrf2 knock-out mice. However, EPI (40 mg/kg) reduced this increase in both wild-type and Nrf2 knock-out mice ([Fig. 7](#fig7){ref-type="fig"}A).Fig. 7**EPI attenuated MCT-induced liver inflammatory injury in both wild-type and Nrf2 knock-out mice.** Wild-type or Nrf2 knock-out mice were given with MCT (360 mg/kg) and EPI (40 mg/kg), and sacrificed at 48 h after MCT administration. (A) Liver MPO activity (n = 6). (B) Hepatic expression of IκB, p-IκB and NFκB. (C) The quantitative densitometric analysis of nuclear NFκB (n = 5). (D) The quantitative densitometric analysis of IκB (n = 5). (E) The quantitative densitometric analysis of p-IκB (n = 5). (F) TNFα, IL-6 and IL-1β mRNA expression (n = 5). (G) Liver immunohistochemical staining of Gr-1. (Arrows indicate Gr-1-positive cells). Left figure is the number of Gr-1-positive neutrophils counted manually (n = 3). (H) Liver immunohistochemical staining of CD11b. (Arrows indicate CD11b-positive cells). Left figure is the number of CD11b-positive macrophages counted manually (n = 3). Data are expressed as mean ± SEM. ^*\**^*P* \< 0.05 versus control; ^\#^*P \< *0.05 versus MCT; ^*&*^*P* \< 0.05 versus wild-type mice.Fig. 7

MCT decreased hepatic IκB protein expression, and increased the expression of phosphorylated IκB and nuclear translocation of NFκB in both wild-type and Nrf2 knock-out mice when mice were treated with MCT for 48 h ([Fig. 7](#fig7){ref-type="fig"}B--E). EPI reversed all these phenomena in both wild-type and Nrf2 knock-out mice.

MCT increased hepatic mRNA expression of tumor necrosis factor (TNF)α, interleukin (IL)-6 and IL-1β in both wild-type and Nrf2 knock-out mice when mice were treated with MCT for 48 h ([Fig. 7](#fig7){ref-type="fig"}F). However, all those increases were reversed by EPI in both wild-type and Nrf2 knockout mice.

MCT enhanced the number of Gr-1-staining and CD11b-staining positive immune cells in both wild-type and Nrf2 knock-out mice when mice were treated with MCT for 48 h, but this increase was reduced by EPI in both wild-type and Nrf2 knock-out mice ([Fig. 7](#fig7){ref-type="fig"}G and H).

3.8. EPI reduced the release of HSP60 protein induced by MCT {#sec3.8}
------------------------------------------------------------

Data in [Fig. 8](#fig8){ref-type="fig"}A and B showed that EPI (20, 40 mg/kg) reduced the elevated serum content of HSP60 protein induced by MCT in rats. EPI (40 mg/kg) reversed the reduced mRNA and mitochondrial protein expression of HSP60 and Lon induced by MCT in rats ([Fig. 8](#fig8){ref-type="fig"}C--E). Additionally, data in [Fig. 7](#fig7){ref-type="fig"}E showed that the binding of HSP60 with Lon protein in mitochondria was decreased in MCT-treated rats, but EPI reversed this decrease.Fig. 8**EPI reduced the release of HSP60 protein induced by MCT.** (A) The content of HSP60 in serum from rats. (B) The quantitative densitometric analysis of HSP60 in serum from rats (n = 4). (C) Hepatic mRNA expression of HSP60 and Lon (n = 4). (D) Hepatic mitochondrial HSP60 and Lon expression in rats. (E) The quantitative densitometric analysis of HSP60 and Lon in hepatic mitochondria from rats (n = 4). (F) HSP60 and Lon co-immunoprecipitation assay. Liver mitochondria extracts from rats were subjected to immunoprecipitation with anti-HSP60 antibody and the conjugates were detected with anti-HSP60 and anti-Lon antibodies. Each blot represents one of three independent experiments.Fig. 8

3.9. Blockage of HSP60 alleviated MCT-induced HSOS in mice {#sec3.9}
----------------------------------------------------------

To further confirm the important role of HSP60 in MCT-induced HSOS, mice were injected with anti-HSP60 blocking antibody or control IgG. As shown in [Fig. 9](#fig9){ref-type="fig"}A, anti-HSP60 blocking antibody reduced the increased serum ALT/AST activities induced by MCT (360 mg/kg) in mice. Anti-HSP60 blocking antibody also reduced the MCT-induced increase in liver MPO activity ([Fig. 9](#fig9){ref-type="fig"}B). The results of liver histological observation demonstrated that livers from mice treated with MCT exhibited serious liver damages, including hepatic infiltration of immune cells, necrosis of hepatocytes and nuclear disappear, endothelial damage of the central vein and sinusoidal hemorrhage ([Fig. 9](#fig9){ref-type="fig"}C--b). All those above liver damages were ameliorated by anti-HSP60 blocking antibody ([Fig. 9](#fig9){ref-type="fig"}C--c).Fig. 9**Blockage of HSP60 alleviated MCT-induced HSOS in mice.** (A) Serum ALT/AST activity (n = 5). (B) Liver MPO activity (n = 5). (C) Liver histological evaluation (n = 3). (original magnification, 100× and 200×). The arrows indicate intrahepatic hemorrhage, indicate necrosis of hepatocytes, indicate hepatic infiltration of immune cells. (D) Liver scanning electron microscopy evaluation (n = 3). (original magnification, 20,000 ×). Red arrows indicate the enlargement of fenestrate, exposure of the Disse space and the damage of endothelium. (a) Control. (b) 360 mg/kg MCT. (c) 360 mg/kg MCT + anti-HSP60 antibody. (d) 360 mg/kg MCT + IgG. (E) Liver expression of TLR4 and nuclear NFκBp65. (F) The quantitative densitometric analysis of TLR4 and nuclear NFκBp65 (n = 4). Data are expressed as mean ± SEM. \**P* \< 0.01, \*\**P* \< 0.01, \*\*\**P* \< 0.001versus control. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, ^\#\#\#^*P* \< 0.001 versus MCT.Fig. 9

After MCT administration (360 mg/kg), the loss of fenestrate organized as sieve plates (only scattered and individual fenestrate are seen) and the formation of large gaps in the sinusoidal endothelium can be observed via scanning electron microscope ([Fig. 9](#fig9){ref-type="fig"}D--b). Hepatocytes were exposed and hepatocyte microvilli were visible through those gaps. However, these above liver morphological alterations induced by MCT were improved by anti-HSP60 blocking antibody ([Fig. 9](#fig9){ref-type="fig"}D--c).

Next results showed that anti-HSP60 blocking antibody also reduced the MCT-induced increase in hepatic TLR4 expression and nuclear accumulation of NFκBp65 in mice ([Fig. 9](#fig9){ref-type="fig"}E and F).

4. Discussion {#sec4}
=============

Although HSOS is not a common liver disease, it is life-threatening. Moreover, now there is still no effective drug for the treatment of HSOS in clinic. A previous study showed that EPI attenuated ionizing radiation-induced liver oxidative injury in mice \[[@bib22]\]. Meanwhile, our previous study showed that catechin, another diastereoisomer of catechins, attenuated MCT-induced HSOS in rats by attenuating liver oxidative injury \[[@bib23]\]. However, there is still no report about whether EPI also has a protection against HSOS. This study is the first report demonstrated the protection of EPI against MCT-induced HSOS in rats. EPI has already been reported to be safe with no observed adverse effects in healthy volunteers \[[@bib24]\]. Thus it can be seen that EPI has the huge prospect to be developed for HSOS treatment in clinic.

EPI was found to enhance liver GSH content, reduce the increased MDA and ROS amounts, and reverse the decreased GST activity induced by MCT in rats. These results imply that EPI can attenuate MCT-induced liver oxidative injury in rats. Nrf2, a key oxidative stress-mediated transcription factor, regulates the expression of a variety of downstream antioxidant enzymes \[[@bib25]\]. Nrf2 activation may attenuate the progression of a variety of liver diseases including drug-induced liver injury (DILI), nonalcoholic fatty liver disease (NAFLD) and alcoholic liver disease \[[@bib26]\]. Previous studies showed that Nrf2 was involved in the EPI-provided protection against stroke damage, endothelial oxidative stress injury and neurotoxicity \[[@bib27], [@bib28], [@bib29]\]. Next, we observed whether EPI attenuated MCT-induced liver oxidative injury by activating Nrf2 antioxidant pathway. Firstly, EPI was found to increase Nrf2 nuclear translocation in MCT-treated rats. Secondly, EPI was found to enhance the expression of Nrf2 downstream antioxidant genes including GCLC, GCLM and NQO1. Thirdly, molecular docking analysis indicates the potential interaction of EPI with Nrf2 binding site in Keap1, which is an inhibitor protein for Nrf2 \[[@bib25]\]. Finally, when mice were treated with MCT for 24 h, MCT induced serious HSOS in Nrf2 knock-out mice but had no obvious hepatotoxicity in wild-type mice, and the EPI-provided protection against MCT-induced HSOS was totally diminished in Nrf2 knock-out mice. All these above results evidenced the critical role of Nrf2 in preventing MCT-induced HSOS, and the EPI-induced Nrf2 activation contributed to its protection against MCT-induced HSOS.

HO-1 is another important target gene regulated by Nrf2 \[[@bib26]\]. MCT enhanced hepatic HO-1 expression in rats, but EPI reduced this increase. The elevated HO-1 expression appears to be an endogenous defensive mechanism used by cells to inhibit inflammation and reduce cell damage, so HO-1 induction is generally seen in a variety of liver injuries \[[@bib30],[@bib31]\]. Our results imply that the MCT-induced HO-1 expression may be due to the body self-defensive capacity, and EPI-reduced the increased HO-1 expression induced by MCT may be due to the amelioration of HSOS *in vivo*.

Interestingly, EPI obviously attenuated MCT-induced HSOS in Nrf2 knock-out mice when mice were treated with MCT for 48 h. These results indicate that Nrf2 is not critical for the EPI-provided protection against MCT-induced HSOS at the later stage, and there must be other signals contributed to its protection. Previous study showed the linkage of inflammation with endothelial dysfunction during the development of HSOS \[[@bib32]\]. Additionally, the MCT-induced HSOS in rats was reported to be associated with a lobular inflammatory infiltration \[[@bib11]\]. In this study, we found that EPI reduced the increased MPO activity, hepatic infiltration of neutrophil and macrophages, and the elevated expression of pro-inflammatory cytokines induced by MCT in both wild-type and Nrf2 knock-out mice when mice were treated with MCT for 48 h. These results indicate that EPI can attenuate MCT-induced liver inflammatory injury.

NFκB is retained in cytoplasm when binding to its inhibitory proteins of IκB family, and the phosphorylation of IκB leads to its degradation and results in the activation of NFκB \[[@bib33],[@bib34]\]. The NFκB/IκB system plays a critical role in regulating inflammatory responses \[[@bib33],[@bib34]\]. Our previous studies demonstrated that the inhibition of NFκB activation contributed to the attenuation of HSOS \[[@bib35],[@bib36]\]. In this study, EPI abrogated NFκB activation induced by MCT in both wild-type and Nrf2 knock-out mice, indicating that EPI attenuated MCT-induced liver inflammatory injury by abrogating NFκB activation.

Heat shock protein 60 (HSP60) is a damage-associated molecular pattern (DAMP), and the elevated release of HSP60 will induce the activation of NFκB and lead to the excessive inflammatory responses \[[@bib37],[@bib38]\]. To further investigate the mechanism of the EPI-induced abrogation of liver inflammatory injury in MCT-induced HSOS, the effect of EPI on HSP60 expression was observed. Results showed that EPI reduced the elevated serum HSP60 content in MCT-induced HSOS in rats. A previous study showed that the increased expression of Lon, a mitochondrial matrix protein, stabilizes the complex of HSP60-mtHSP70-Lon that leads to the sequestration of HSP60 in mitochondria \[[@bib39]\]. Our results showed that EPI reversed the reduced expression of Lon and HSP60 in mitochondria in livers from MCT-treated rats. Additionally, EPI also reversed the reduced interaction of Lon with HSP60. All these results indicate that EPI may reduce HSP60 release by increasing mitochondrial Lon expression, which may contribute to its alleviation on liver inflammatory injury in MCT-induced HSOS in rats.

To further confirm that HSP60 is a key molecule involved in MCT-induced HSOS, anti-HSP60 blocking antibody was used. The results of serum ALT/AST activities, liver histological evaluation and scanning electron microscope observation all evidenced that MCT-induced HSOS in mice was greatly ameliorated by using anti-HSP60 blocking antibody. Furthermore, the MCT-induced activation of TLR4-NFκB signal pathway was also inhibited by anti-HSP60 blocking antibody. These results imply that the activation of NFκB-mediated inflammatory pathway initiated by HSP60 plays an important role in MCT-induced HSOS.

This study showed that EPI ameliorated MCT-induced HSOS by attenuating liver oxidative injury via activating Nrf2 antioxidant pathway and inhibiting liver inflammatory injury via abrogating HSP60-NFκB signaling pathway. Our results suggest that EPI may be a promising therapeutic option for HSOS treatment in clinic.
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